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The leading cause of infertility in men and women is quantitative and qualitative defects in human germ-cell (oocyte and sperm) development. Yet, it has not been possible to examine the unique developmental genetics of human germ-cell formation and differentiation owing to inaccessibility of germ cells during fetal development.
Although several studies have shown that germ cells can be differentiated from mouse and human embryonic stem cells, human germ cells differentiated in these studies generally did not develop beyond the earliest stages [1] [2] [3] [4] [5] [6] [7] [8] . Here we used a germ-cell reporter to quantify and isolate primordial germ cells derived from both male and female human embryonic stem cells. By silencing and overexpressing genes that encode germ-cell-specific cytoplasmic RNA-binding proteins (not transcription factors), we modulated human germ-cell formation and developmental progression. We observed that human DAZL (deleted in azoospermia-like) functions in primordial germcell formation, whereas closely related genes DAZ and BOULE (also called BOLL) promote later stages of meiosis and development of haploid gametes. These results are significant to the generation of gametes for future basic science and potential clinical applications.
Historically, human germ-cell development has been intractable to direct analysis; yet, infertility is unusually common in both men and women, with genetic requirements that differ from those of other commonly studied species 9, 10 . Here, we sought to develop a system for direct experimental examination of landmark events and genetic requirements in human germ-cell formation, maintenance of pluripotency, epigenetic reprogramming and progression through meiosis ( Supplementary Fig. 1 ). Although previous studies had demonstrated that bone morphogenetic proteins (BMPs) promote differentiation of human embryonic stem (ES) cells to germ cells in embryoid bodies, the process was inefficient 5 . Thus, we explored adherent differentiation of human ES cells and observed the induction of a variety of morphological changes ( Supplementary Fig. 2 ). Furthermore, differentiation was accompanied by increased expression of the germ-cellspecific proteins VASA and DAZL, in all human ES cell lines tested (two female (XX) and two male (XY) lines from four independent derivations; Fig. 1a and Supplementary Fig. 3 ).
On the basis of these data and previous studies indicating that VASA is germ-cell specific 4, 5, 11, 12 , we constructed a green fluorescent protein (GFP)-conjugated VASA reporter to purify germ cells from the complex cell mixture resulting from human ES cell differentiation (Supplementary Fig. 4 ). We introduced the reporter into undifferentiated human ES cells, and then following differentiation, isolated GFP 1 cells (putative primordial germ cells (PGCs)) via fluorescence-activated cell sorting (FACS) ( Fig. 1b ). We observed that both XY-and XX-bearing human ES cells reproducibly gave rise to a GFP 1 population after 7 and 14 days of differentiation, and that the percentage of GFP 1 cells reached approximately 5% with addition of BMPs, which are required for mouse PGC formation 13 (Supplementary Fig. 5 ). Protein analysis confirmed that the GFP 1 cells are enriched for endogenous VASA and DAZL proteins ( Fig. 1c ). VASA protein was localized specifically to the cytoplasm of the GFP 1 cells and was not detected in GFP 2 cells ( Supplementary Fig. 6a ). Further analysis showed that, as expected, OCT4 protein was expressed most highly in undifferentiated human ES cells but also in both GFP 1 and GFP 2 populations at lower levels due to differentiation ( Supplementary Fig. 6b ). Gene expression profiling was carried out on the GFP 1 and GFP 2 populations. Early germ-cell markers such as DAZL, PRDM1 (also called BLIMP1), DPPA3 (also called STELLA) and VASA (also known as DDX4) were significantly enriched in the GFP 1 populations ( Fig. 1d ), whereas those typically expressed during later stages of germ-cell development were either not detected or not enriched, with the exception of low levels of synaptonemal complex protein 3 (SCP3) in the GFP 1 population ( Supplementary Fig. 7 ). cH2AX and SCP3 immunostaining was used to examine meiotic progression throughout our experiments; cH2AX is an indicator of meiotic recombination based on binding to double-strand breaks 14, 15 and SCP3 is indicative of synaptonemal complex formation in meiotic prophase I 16 . When the cells were stained for SCP3 and cH2AX, we observed that the GFP 1 cells showed only low levels of scattered, punctate SCP3 staining in rare cells and there was no staining of cH2AX ( Supplementary Fig. 8 ). These results indicated that the GFP 1 cells are probably at a pre-meiotic stage (with rare cells entering meiosis). We also observed that GFP 1 cells were enriched for expression of a subset of pluripotency genes-LIN28, NANOG, OCT4 (also called POU5F1) and TERT-consistent with previous reports of their expression in human germ cells 17, 18 .
Epigenetic reprogramming is diagnostic of germ-cell development 19 . Thus, we characterized erasure of methylation (hypomethylation) globally and at the differentially methylated regions (DMRs) of imprinted loci. We found that the H19 locus was hypomethylated in GFP 1 cells relative to GFP 2 cells ( Fig. 2a ). Results from other imprinted loci (PEG1 (also called MEST), SNRPN, KCNQ) confirmed that the GFP 1 cells also showed significantly lower levels of methylation at these DMRs relative to other cell types (Supplementary Fig. 9 ). Furthermore, examination of global DNA methylation levels (5-methylcytosine (5mC); Fig. 2b ) provided strong evidence that the VASA-GFP 1 population is in the process of erasing methylation globally. Identity of the populations of GFP 2 and GFP 1 cells was verified by staining for VASA and OCT4 ( Supplementary Fig. 6 ).
PGCs possess the ability to establish embryonic germ-cell lines with diagnostic gene expression and morphology 3, 20 . Thus, we tested whether GFP 1 cells form embryonic germ lines on inactivated feeder cells in media lacking basic fibroblast growth factor (bFGF). We found that the GFP 1 cells gave rise to colonies that resembled embryonic germ cells 21 after 7 days ( Fig. 2c and Supplementary Fig. 10a ), whereas the GFP 2 cells did not give rise to any colonies. Similar to embryonic germ cells 22 , replated GFP 1 cells had intense alkaline phosphatase activity ( Supplementary Fig. 10b ) and remained GFP 1 after extensive culture ( Fig. 2c ). Gene expression profiles of replated cells (after 20 days) were similar to those of freshly isolated GFP 1 cells, with a few exceptions ( Supplementary Fig. 11 ). We noted, however, that DMRs of replated cells had significantly more methylation after replating ( Supplementary  Fig. 9 ). This is similar to previous reports with human ES cells 23 but had not been examined in human embryonic germ cells.
Because gene expression, immunostaining, epigenetic status and the ability to give rise to colonies resembling embryonic germ cells strongly suggested that the GFP 1 cells are PGCs, we next examined genetic requirements for formation and differentiation of human PGCs. We focused on the human DAZ gene family which contains three members: four human DAZ genes which are commonly deleted from the Y chromosome of infertile men who lack germ cells 24, 25 , and autosomal DAZL was hypomethylated at the H19 locus. b, 5-methylcytosine staining of the VASA-GFP 1 population to detect global methylation. Cells were immunostained using monoclonal 5-methylcytosine antibody. Images are taken at the same exposure time to show different levels of staining. Scale bars, 10 mm. c, Phase contrast pictures showing representative colony from GFP 1 cells after 7 days of replating. No colonies were observed from plating of the GFP 2 population. FACS plot demonstrates that GFP 1 cells maintained GFP expression after 7 days of replating on mouse embryonic fibroblasts (MEFs). Scale bar, 100 mm. LETTERS and BOULE homologues which are conserved from invertebrates to humans 10 . We first silenced expression of the autosomal DAZL gene by short hairpin RNA (shRNA) technology ( Supplementary Fig. 12a , b) and observed reduced protein levels with three silencing constructs ( Fig. 3a) ; specificity of silencing was confirmed with synonymous mutations ( Supplementary Fig. 12c ). Changing just three nucleotides in the DAZL shRNA (shDAZL) targeting region created a mutated DAZL-V5 resistant to silencing ( Fig. 3a) . When human ES cells were stably integrated with DAZL silencing vectors and differentiated for 14 days with BMPs, expression of DAZL and VASA was significantly reduced in cells carrying the shDAZL4 or shDAZL2 vectors ( Fig. 3b and Supplementary Fig. 13a ). Overexpression of mutated DAZL resulted in rescue as observed by elevated DAZL and VASA protein expression.
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Notably, overexpression of DAZL alone elevated endogenous VASA levels relative to controls, indicating that VASA is regulated by DAZL.
To examine whether silencing of BOULE or DAZ affects PGC differentiation, we identified multiple shBOULE and shDAZ constructs that significantly reduced expression of these proteins (Supplementary Fig. 13b, c) . We introduced the silencing constructs into human ES cells carrying the VASA-GFP reporter with individual shRNAs: shDAZL and shBOULE separately into H9 (XX), and shDAZL, shBOULE and shDAZ into HSF1 (XY). Corresponding target genes were also co-transduced to rescue silencing effects. We observed that the VASA-GFP 1 population was reduced to almost half by silencing DAZL in both XX and XY lines ( Fig. 3c and Supplementary Fig. 14; statistically significant in XX and marginal in XY cells). In contrast, silencing of BOULE reduced the GFP 1 population slightly in the XX line but not in the XY line, and the number of GFP 1 cells was unaffected when DAZ was silenced. Finally, overexpression of BOULE alone increased the VASA-GFP 1 population to nearly 12% in XX but not in XY cells, suggesting that BOULE has a more important role in directing human female PGC differentiation than male. Overexpression of combinations of DAZL, BOULE and DAZ did not result in synergistic enhancement of PGC formation (data not shown).
The data above suggested that overexpression of DAZL, and BOULE (in XX lines), promotes PGC formation. We next examined if overexpression of these genes promotes germ-cell differentiation beyond the PGC stage. Thus, combinations of vectors that overexpressed DAZ gene family members were introduced into XX and XY human ES cells. Human ES cells were differentiated for 7 days in the absence of BMPs (to test whether internal factors alone can induce late germ-cell differentiation)and examined for meioticprogression.Themajorityof nucleifrom differentiated human ES cells showed no obvious cH2AX staining (including nuclei that did not enter meiosis and those that might have completed meiosis) ( Fig. 4a ). When cH2AX was detected in the nuclei, it was accompanied by more than ten punctate SCP3 foci, indicating that the nuclei had entered meiotic prophase I. Elongated SCP3 localization withdifferentintensitiesandlengthswasalsodetectedbutwasnotaccompanied by cH2AX staining (Fig. 4b ). This staining pattern probably corresponds to that of synaptonemal complexes at zygotene, pachytene or diplotene stages. To quantify synaptonemal complex formation, we categorized SCP3 staining as punctate or elongated, and counted the percentage of nuclei in each category and those negative for SCP3. Overexpression of DAZL, BOULE, or a combination of both gave similar results at day 7 in the XX line (Fig. 4c ). In XY cells, overexpression of DAZ, DAZL and BOULE resulted in the highest percentage of cells with SCP3 staining ( Fig. 4c and Supplementary Fig. 15 ). Indeed, overexpression of DAZ alone gave rise to more than 20% of cells with punctate SCP3, much morethanDAZLorBOULEalone.WeinferthatoverexpressionofDAZL or BOULE was sufficient to induce elongated synaptonemal complex formation in the XY line, but DAZ was required to achieve the highest level of synaptonemal complex formation. We next determined if haploid cells were produced. We found that messenger RNA expression of the mature sperm markers TEKT1 and acrosin (ACR) was highly elevated in cells that overexpressed all three family members at day 14 ( Supplementary Fig. 16 ), suggesting potential formation of haploid gametes. Moreover, when cells were sorted by DNA content (using parameters developed to sort 1N cells from a human semen sample obtained from the Stanford IVF Clinic), ,2% of cells had 1N content on day 14 after overexpression of DAZL, BOULE and DAZ. No corresponding haploid cells were isolated from control cells that lacked overexpression of DAZ gene family members ( Fig. 4d and Supplementary Fig. 17 ). DNA content was confirmed by fluorescent in situ hybridization (FISH) using a probe for chromosome 16. As expected, sorted 1N cells possessed a single chromosome 16, whereas 2N and 4N cells carried 2 and 4 chromosomes, respectively ( Fig. 4e and Supplementary Figs 18a and 19 ). In addition, most 1N cells also expressed the mature sperm protein ACR, which is present from spermatid to spermatozoan stage 26 (Fig. 4f and Supplementary Figs 18b  and 20) . In contrast, 2N cells differentiated in the same culture were negative for ACR. We also observed that the H19 DMR was hypermethylated in 1N cells, whereas SNRPN and KCNQ DMRs were hypomethylated with patterns similar to those detected in human semen ( Supplementary Fig. 21 ). Finally, we observed that expression of the genes AMH (also called MIS), FSHR, LHCGR (also called LHR) and SOX9 was greater in cultures that produced the highest number of germ cells (overexpressed DAZ, DAZL and BOULE proteins; in whole culture without FACS), indicating increased numbers of Sertoli and Leydig cells 7 in the same differentiated cultures to support maturation of male germ cells ( Supplementary Fig. 22 ).
Our results indicate that human germ cells can be differentiated and isolated from pluripotent human ES cells and that they possess the ability to enter and progress through meiosis. Moreover, we observed that members of the human DAZ gene family that encode translational regulators modulate both germ-cell formation and differentiation. The human DAZL gene functions primarily in PGC formation, whereas DAZ and BOULE function primarily to promote germ-cell progression to meiosis and formation of haploid germ cells that resemble round spermatids in cellular and molecular characteristics.
METHODS SUMMARY
VASA-GFP reporter, transduction and FACS. 2.5 kb of human VASA upstream of the first codon was cloned into pENTR 59-TOPO. eGFP was fused 1 kb downstream of the last codon of human VASA, and cloned into pENTR/D-TOPO. Cloned plasmids were recombined 27 to create pLVGV. Lentiviral supernatant was produced, human ES cells were transduced overnight on matrigel in conditioned medium and subsequently selected with geneticin (200 ng ml 21 ) for 7 days. Selected human ES cells were differentiated for the times indicated and harvested by brief treatment with collagenase IV and then TrypLEExpress (Invitrogen). The cell suspension was prepared in differentiation medium for FACS with a MoFlow or BD cell sorter.
METHODS
Human ES cell lines and adherent differentiation. Four human ES cell lines were used in this study: HSF1(XY), HSF6(XX), H1(XY) and H9(XX). Undifferentiated cultures of human ES cells were maintained on irradiated MEFs as previously described 5 . Briefly, all cultures were grown at 37 uC with 5% CO 2 in knockout serum replacer (KSR) plus bFGF medium (knockout DMEM, supplemented with 20% knockout serum replacer, 1 mM L-glutamine, 0.1 mM nonessential amino acids, 0.1 mM b-mercaptoethanol, and 4 ng ml 21 recombinant human bFGF (bFGF, R&D systems)). To adherently differentiate human ES cells on matrigel, about 5 3 10 4 human ES cells (less than 50% confluency of a six-well plate) were treated with collagenase type IV (1 mg ml 21 ) for 10 min, scraped with a 5 ml plastic pipette, and transferred with fresh KSR 1 bFGF media to an identical well coated with matrigel. Conditioned medium (KSR 1 bFGF media collected after overnight incubation on irradiated MEFs) was used to maintain the undifferentiated cells whenever drug selection (geneticin at 200 mg ml 21 , and zeocin and blasticidin at 2 mg ml 21 ) was required. Differentiation began upon aspiration of KSR 1 bFGF media or conditioned media, washed once with PBS without Ca 21 and Mg 21 , and replaced with differentiation media (knockout DMEM supplemented with 20% fetal bovine serum, 1 mM L-glutamine, 0.1 mM nonessential amino acids, 0.1 mM b-mercaptoethanol and 50 ng ml 21 recombinant human BMP4, BMP7 and BMP8b (R&D systems)). Differentiation medium was changed after 7 days of incubation if longer differentiation was necessary. Western blot analysis. To collect the adherently differentiated cells, first they were washed with 3 ml cold PBS without Ca 21 and Mg 21 , then scraped from the plate in 1 ml PBS plus 23 protease inhibitors (Complete Mini, Roche) and transferred immediately to a 1.5-ml tube on ice. The PBS cell suspension was then spun at 5,000 r.p.m. in a microcentrifuge for 3 min and the supernatant was discarded. The cell pellet was resuspended with 200 ml RIPA buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, pH 8) plus 23 protease inhibitors (Complete Mini, Roche). The cell pellet suspension was pipetted rigorously at least 10 times, then vortexed for 30 s. The suspension was again spun down for 3 min at the same speed. The supernatant was measured for protein concentration and denatured at a 1:1 ratio with 23 Laemmli buffer at 95 uC for 5 min, then loaded on to either a 10% or 12% SDS-PAGE gel. The SDS-PAGE gels were run at 150 V for 1 h and transferred to a PVDF membrane for 1 h at 100 V in CAPS buffer (10 mM CAPS, 10% methanol, pH 11). Transferred blots were blocked in 5% non-fat milk for 1 h at room temperature. The blot was subjected to 1 h of primary antibody incubation (1:500 for anti-VASA (Abcam), 1:500 anti-DAZL-150 28 , 1:1,000 for anti-V5 (Abcam), 1:10,000 for anti-UBC9 (Abcam) and anti-GAPDH (Abcam)), followed by two quick rinses and three washes for 5 min in TBST (TBS, pH 7.4 with 0.1% Tween-20). Secondary antibody (1:10,000 anti-rabbit-HRP conjugated (Amersham)) incubation had the same duration and washes. ECL1 (Amersham) was used to detect the HRP signal on film. Quantitative PCR on mRNA expression and statistical analysis. Total RNA was collected using the RNeasy system (Qiagen) or PicoPure RNA isolation (Arcturus) and cDNA was prepared with SuperScript III Reverse Transcriptase (Invitrogen) according to manufacturer's protocols. Quantitative PCR was conducted with Taqman probes (Applied Biosystems) using the Fluidigm System (Biomark). Gene expression is normalized to a set of housekeeping genes (GAPDH, RPLP0, centrin, CTNNB1, ACTB) and calculated according to geNorm program 29 for GFP 2 versus GFP 1 cells. Gene expressions of the replated cells, fetal liver cDNA (Clontech), and overexpressed cells were normalized again to either the expression of GFP 1 cells or control cells carrying empty p2k7, and the normalized expression value is therefore fold of change. Statistical analysis was calculated using Student's t-test or one-way ANOVA by Prism 5.0 program. DNA methylation analysis. VASA-GFP 1 , VASA-GFP 2 and 1N populations were collected by FACS; adult skin fibroblast, H9 and HSF1 were collected from trypsinized cell suspensions; replated GFP 1 cells were collected by colony picking under dissection microscope (pooled of five colonies). Genomic DNA was extracted using the ZR Genomic DNA II kit (Zymo Research) or QIAamp DNA Mini kit (Qiagen). For bisulphite sequencing analysis of H19 locus, 100 ng of genomic DNA was processed using the Qiagen Epitect Bisulfite Kit (Qiagen) according to protocol. One microlitre of bisulphite-treated genomic DNA was PCR amplified at the H19 locus using primers as previously described 4 . The resultant product was gel-extracted using the Qiaquick gel extraction kit (Qiagen) and cloned into the TOPO TA vector (Invitrogen). At least 20 clones were sequenced using ABI BigDye v3.1 dye terminator sequencing chemistry (Applied Biosystems) and ABI PRISM 3730xl capillary DNA analyser for sequence analysis. Quantitative DNA methylation analysis using methylationsensitive/dependent restriction assay was carried out according to a previous study 5 . Briefly, ,50-200 ng of each genomic DNA sample was divided equally for control (with buffers), methylation-sensitive (NotI, HhaI and HpaII; New England Biolabs) and methylation-dependent (McrBC; New England Biolabs) restriction digestions. 1/30 of the digested genomic DNA was then used as the input for qPCR reaction (ABI Power SYB master mix) using specific primers for the DMRs of H19 30 , PEG1 30 , SNRPN 23 and KCNQ 23 respectively, and triplicates were ran for each reaction. Percentage of hypermethylation was calculated as previously reported 31 , and the average percentages with lower standard deviation were chosen between methylation-sensitive and methylation-dependent restriction reactions. Alkaline phosphatase assay. Cells grown on MEFs were subjected to alkaline phosphatase staining using Vector Red Alkaline Phosphatase Substrate Kit I (Vector Laboratories) according to manufacturer's protocols. shRNA vectors and overexpression vectors. All shRNAs targeting human DAZL, DAZ and BOULE were constructed using the Block-iT inducible H1 lentiviral system (Invitrogen). All shRNAs were first introduced into pENTR/ H1/TO vectors and transferred into pLenti4/BLOCK-iT-DEST destination vectors (see below for sequence information). When shRNA was tested in 293FT cells for its efficacy of silencing, transient transfection without selection was carried out and cell lysate was collected after 24 h. After specific shRNA was chosen, viral supernatant was prepared as described for pLVGV. Subsequently, the viral supernatant was used to transduce human ES cells on matrigel as described above, except with zeocin selection (2 mg ml 21 ) for 3 days for stable integration of the shRNA vector into human ES cells. Overexpression vectors were constructed by inserting the EF1a promoter, and DAZL, DAZ2 or BOULE cDNA into the p2k7 blas vectors, selected with blasticidin (2 mg ml 21 ) in culture for 3 days to ensure stable integration and subjected for each differentiation experiment. shRNA sequences were: shDAZL1, GGATGGATGAAACTGAGAT TA; shDAZL2, GCATATCCTACTTACCCAAAT; shDAZL3, GCCAAATGAA TGTTCAGTTCA; shDAZL4, GCAGAAGATAGTAGAATCACA; shDAZL5, GGATATCAGTTGCCTGTATAT; shDAZL6, GGTGGTATCTTGTCTGTTTAA; shDAZL7, GGTATCTTGTCTGTTTAATCC; shDAZ1, GCAAATCCTGAGACT CCAAAC; shDAZ2, GGAAGCTGCTTTGGTAGATAC; shDAZ3, GCCACGT CCTTTGGTAGTTAA; shDAZ4, GCATTTCCTGCTTATCCAAAT; shDAZ5, GCATTTCCTGCTTATCCAAGT; shBOULE1, GCATCTTTGTAGGAGGAAT TG; shBOULE2, GGATCCCTCGTTCTAGTATAA; shBOULE3, GCTGGAACAA TGTATCTAACA; shBOULE4, GCAACCTTCTGAGGTTATTTA; shBOULE5, GCTCCAAGTGCCATCACTATG. VASA and OCT4 whole-cell staining and 5-methylcytosine nuclei staining. Cell suspensions from FACS were collected onto a glass slide with a Cytospin (Thermo Scientific) at 800 r.p.m. for 5 min followed by a wash in PBS, and fixed with 4% paraformaldehyde/PBS for 15 min. For VASA and OCT4 staining, slides were blocked in 1% BSA/0.1% Tween-20/PBS for 1 h, followed by overnight incubation with primary antibody (1:500 for anti-VASA (Abcam), 1:200 anti-OCT4 (Santa Cruz)). Slides were then rinsed twice and washed three times, 5 min with 0.1% Tween-20/PBS (PBST). Secondary antibody, anti-rabbit-594 (Invitrogen), was incubated for 1 h at room temperature on the slides, followed by the same washes. The slides were then mounted with Prolong Antifade with DAPI (Molecular Probes). For 5mC staining, fixed cells were incubated with 1% Triton X-100 for 1 h, washed with PBST twice for 5 min. Denaturation of DNA was carried out by treating cells with 4 M HCl/0.1% Triton X-100 for 10 min and immediately neutralized with 100 mM Tris/HCl (pH 8.5) for 30 min. Slides were blocked in 1% BSA/0.1% Tween-20/PBS at 4 uC overnight. This was then stained with antibody against 5-methylcytosine (Genway) at a concentration of 1:100 in blocking buffer for 4 h at room temperature. The slides were washed, incubated with secondary antibody, and mounted the same as described above. Meiotic spreads, SCP3 and cH2AX staining. Meiotic spreads were carried out as described previously 32 with some modifications. Briefly, differentiated human ES cells were prepared as single cells as for FACS analysis. Cells were lysed by a hypotonic solution and dropped on glass slides freshly submerged in 1% PFA and 0.15% Triton X-100. Slides were incubated overnight at 4 uC until the suspension was semi-dry. Slides were treated with 0.04% photoflo for 5 min and blocked with 4% goat serum. Rabbit anti-SCP3 (1:1,000, Novus) and mouse-anti-cH2AX (1:200, Abcam) were incubated for 3 h at room temperature. Washes, secondary antibody incubation (1:1,000, anti-rabbit 594 and anti-mouse 488 (Molecular Probe)) and mounting are the same as described above. FACS analysis for DNA content. Single cell suspensions were prepared as described above. Fixing and staining of the DNA was conducted as described previously 33 . Briefly, cells were fixed in 70% ethanol for 1 h at room temperature, followed by incubation in 0.5 ml staining solution (0.1% Triton X-100 in PBS, 0.2 mg ml 21 RNaseA, 0.02 mg ml 21 propidium iodide) then transferred to a FACS tube and incubated at 37 uC for .15 min. The cell suspension in the staining solution was subjected to FACS analysis. FISH of FACS cells. 1N, 2N and 4N cells were collected by cytospin as described above after the DNA content FACS. Slides were fixed with Carnoy's fixative (1:3 of acetic acid:methanol), 5 min, air dried in chemical hood, followed by dehydration in ice-cold 70%, 80%, 100% ethanol, 2 min, and air dried for 5 min. FISH
